Quantum-dot-in-nanowire systems constitute building blocks for advanced photonics and sensing applications. The electronic symmetry of the emitters impacts their function capabilities. Here, we study the fine structure of gallium-rich quantum dots nested in the shell of GaAs-Al 0.51 Ga 0.49 As core-shell nanowires. We used optical spectroscopy to resolve the splitting resulting from the exchange terms and extract the main parameters of the emitters. Our results indicate that the quantum dots can host neutral as well as charged excitonic complexes and that the excitons exhibit a slightly elongated footprint, with the main axis tilted with respect to the long axis of the host nanowire. GaAs−Al x Ga 1-x As emitters in a nanowire are particularly promising for overcoming the limitations set by strain in other systems, with the benefit of being integrated in a versatile photonic structure.
I. INTRODUCTION
The emergence of semiconductor nanowires (NWs) as a new class of functional material has triggered interest in the scientific community. Several fields benefit from the opportunities brought by these nanostructures. Nanowires enable hybridization of fields, amongst which localized sensing, 1,2 electronic transport, 3 nanophotonics, 4-6 nanomechanics 7,8 and solid-state quantum optics 9,10 to a degree hardly reached before. In particular, the latter aims at controlling and carrying quantum information with photons rather than electrons. In this context, NWs can provide significant and differential advantages. A workhorse in solidstate quantum optics is the system based on Stranski-Krastanov self-assembled quantum dots (QDs), usually grown on planar substrates. 11 Despite excellent properties, in particular regarding linewidth and fine structure splitting, planar structures suffer from a poor light extraction efficiency mainly limited by total-internal reflection at the semiconductor/free-space interface. Serious efforts have been made to overcome this limitation, mainly through cavity engineering. 12, 13 In standing NWs, funneling the emitted light into well-defined modes -even non-resonant-allows directional coupling to freespace. The read-out signal is improved significantly without the necessity of a radiation rate increase through the Purcell effect in a high-Q cavity. Outstanding results have been achieved with NWs in different geometries, illustrating the advantage of using NWs to mediate light-matter interactions. 14, 15 The bottom-up fabrication of QDs in NWs is usually achieved by modulating the composition of the semiconductor during the growth. A nanoscale region with a smaller bandgap acting as a QD is then defined. 16 Initially, the proximity of the QDs to the external surfaces and existence of crystal-phase mixing strongly limited the realization of narrow-linewidth emitters. Crystal-phase control as well as the ability to deposit in-situ an epitaxial protective shell resulted in impressive improvement of the inhomogenous broadening. 17, 18 Nevertheless in this kind of QD the geometry is mostly determined by the NW core. Off-axis QD applications such as sensing or coupling to nanomechanical resonators are here precluded. Recently, small and localized Ga-rich islands nested in the AlGaAs shell of GaAs/AlGaAs core-shell NWs were identified. 19 These shell-QDs exhibit linewidth down to 30 µeV and behave as bright single-photon emitters. High-resolution structural and chemical analysis on the QDs showed that they can form at the external part of the NW shell, making them ideal for sensing applications. The symmetry of electronic states of this new type of QDs has not been reported yet despite being an important parameter for a single-photons source. In this manuscript we therefore present a polarization and magnetic field dependent study of the light emission of these new type of QDs. We also show that the QDs can be loaded with extra carriers in addition to the primary electron-hole pair. Our results give important insights on the symmetry and localization properties of the excitons. This paper is structured as follows: in section II the sample and various measurement techniques used are described.
The results are shown and discussed in section III. Section IV briefly sums up the results obtained on shell-QDs.
II. EXPERIMENTAL DETAILS
A. Sample
The shell-QDs structures studied here were grown by molecular beam epitaxy (MBE) on a DCA P600 system. GaAs NW cores were first obtained on a Si(111) substrate at 640
• C under a Ga flux equivalent to a planar growth rate of 0.03 nm/s and V/III flux ratio of 60, rotating the substrate holder at 7 rpm. 20 To grow the AlGaAs shells, the Ga flux was closed for about 5 min, the arsenic pressure was increased to 2·10 −5 mbar and the substrate temperature decreased to 460
• C, thus switching the growth direction from axial to radial.
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The shell was 50 nm thick with a aluminum:gallium fraction of 51%. The wires were further capped with a 5 nm GaAs protection layer to prevent oxidation. Figure 1 presents the general characteristics of this type of NWs and QDs. Cross-sections of the nanowires perpendicular to the growth axis were prepared by mechanical polishing and ion milling.
For annular dark field (ADF) scanning transmission electron microscopy analyses a TITAN 60-300 aberration corrected microscope operated at 300 keV was used. The low temperature scanning electron microscopy (SEM) cathodoluminescence (CL) mapping were realized at 10 K in a dedicated CL-SEM microscope (Attolight AG). The system allows quantitative measurements thanks to a proprietary design. The light was collected and dispersed by a 300 mm spectrometer and projected on an electron-multiplying charge-coupled device (EM-CCD). The left panel of Fig. 1a shows an ADF STEM micrograph of the cross-section of the NW system. The global schematic of the cross-section of such NWs is presented in the right panel of Fig. 1a . The darker regions correspond to areas with higher Al-content.
Regions with higher Al-content generally occur at the six vertices of the hexagonally shaped shell. The segregation process results from the different mobilities and sticking coefficients of Al and Ga on the facets and subfacets of the shell. 23 This phenomenon is far from being trivial and depends on many factors, including the polarity of the {112} type subfacets.
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During the growth, one of the Al-rich ridges may diverge and form a more complex structure where an Al-rich layer wraps around a Ga-rich island. In the ADF STEM cross-section of 
B. Optical spectroscopy
A drawback of both STEM and CL-SEM is the lack of information on the QDs symmetry, and on the electronic states. As schematically drawn in Fig. 1d , a typical way to obtain such information is to study the polarization-dependent emission properties of the QDs with polarization-resolved photoluminescence (PRPL). Magneto-photoluminescence (MPL) studies also provide further understanding on the symmetry and localization properties of the excitons. For optical studies, the NWs were excited using the red-emitting, 632.8 nm line of a continuous wave Helium-Neon laser. For PRPL experiments, the samples were mounted in vacuum on the cold-finger of a helium cryostat. The emitted light was first analysed by a Glan-Thompson polarizer followed by a half-waveplate, before being sent to a triple-stage spectrometer operating in additive mode. The light was detected by an electron-multiplying charge-coupled device (EMCCD). For MPL, the sample was mounted at the bottom of the insert of a helium bath cryostat and kept at liquid helium temperature in a small He gas pressure. The sample was excited through the fiber-coupled objective mounted on the insert.
The same objective was used to collect the PL in a confocal configuration, the single-mode optical fiber acting like a pinhole (more details in Ref. 25) . The PL was then dispersed on a single-stage 500 mm spectrometer and imaged on a CCD. The magnetic field was swept in 250 mT steps between 0 and 10 T.
III. MEASUREMENTS AND DISCUSSION
Our detailed analysis of the QD electronic structure consists of an excitation power, A. Power-dependent microphotoluminescence
In the excitation power and polarization dependence study, the NWs were dispersed on a
Si substrate, in a lying configuration. We display in Fig. 2c, respectively) . Their origin can be manifold. Common mechanisms are a slight background doping in the semiconductor matrix as depicted in Fig. 1b (left) , or a local imbalance in the injection rate of the optically generated carriers resulting from small electric fields or interface trapping of a prefered species (Fig. 1b right) .
The latter is likely to explain the CX peak, as background doping should be weak and the intensity would be expected to saturate at more moderate power.
B. Polarization-resolved microphotoluminescence
We now focus on a more detailed analysis of the X and CX emission by analyzing their polarization. For both X and CX, the emission polarization anisotropy is dominated by the NW-related antenna effect. Such an effect is commonly observed in NW-based systems where the NW diameter is smaller than (quasi-static case) or of the order of the wavelength (Mie-like resonances) 34, 35 and is induced by the dielectric mismatch between the NW and its environment. We shown in Fig. 3a ,b the CX and X polarization-resolved spectra. The CX emission line preserves the same spectral shape and shows a constant emission energy:
variation in its intensity is the result of the antenna effect. In order to deconvolute the antenna effect from effects linked to the electronic structure, the spectra were thus normalized with respect to the CX peak. As it can be seen in Fig. 3b , the evolution of X emission spectra with polarization is much more intricate: the shape of the spectra varies with the polarization in a alternated pattern. We attribute this to the splitting of the bright exciton We then show the polar plots for both CX and normalized X. In the case of X the two hybridized eigenstates H and V are orthogonal and linearly polarized. Their main axes lie at 31.8
• and 121.3
• with respect to the NW long axis (Fig. 3d) . As expected, the emission of CX does not show a fine structure splitting at zero magnetic field and is polarized along the NW axis (Fig. 3e , illustrating the strength of the purely photonic antenna effect). 
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We emphasize that the polarization axes of the H and V states axis are not aligned with the NW axis. We can therefore conclude that the shell-QDs are not bound to be elongated along the NW axis, nor perfectly perpendicular to it.
C. Magneto-photoluminescence
Additional information on the shell-QDs symmetry was obtained using MPL. The experiments in magnetic field were carried out on as-grown nanowires, standing on the Si substrate, with the magnetic field parallel to the NWs axis. In this case, polarization could not be resolved. We display in Fig. 4 the evolution of X and CX emission energies when the magnetic field is increased from 0 to 10 T for two QDs, A and B. In the presence of a magnetic field, the peaks split and shift with magnetic field due to Zeeman and diamagnetic effects 26, 39, 40 . 41 The spectra of X and CX for magnetic fields between 0 and 10 T are plotted in Figs. 4b and 4d. The PL of both X and CX splits into four distinct lines. Based on their respective intensities at low magnetic field, these four transitions are attributed to bright and dark states. In fig. 4b and d, the peaks corresponding to dark states are indicated by arrows. Comparing QDs A and B, one can see that apart from slightly different splittings and shifts, the behavior is very similar. When the induced splitting are larger than the exchange terms, the dominant effects are given by the Zeeman contribution and by the diamagnetic shift, the energy of the peaks can be written as follows:
where µ B is the Bohr magneton, g X and γ are the exciton Landé factor and diamagnetic coefficient, respectively. The subscripts B and D refer to the bright and dark excitons,respectively. We assume γ B = γ D = γ as the spin configuration should not affect significantly the diamagnetic coefficient. 42 Landé factors and diamagnetic coefficients can then be extracted by fitting the evolution of the X and CX emission lines as a function of B with Eq. 1. The fits allow one also to extrapolate the energy splitting between the bright and the dark states at zero field (shown in Fig 5a and c) . Thus we can now attribute the CX-labeled peak to a charged exciton with certainty: only a spin-paired exciton complex can exhibit a vanishing IEI as can be seen in Fig. 4 and more clearly in Fig. 5a (red solid and dashed lines). For QD A, we obtain for the couple X/CX |g Coming to the X diamagnetic coefficient, it is directly related to the spatial extent of the X wavefunction in the plane perpendicular to the magnetic field: γ = 38, 47 We underline also that the diamagnetic coefficient measured for CX is significantly smaller than the one of X. As discussed in Ref. 46 , in the case of a negatively charged CX, this confirms that the QD is small and it indicates that the electron wavefunction is sensitive to the presence of a hole in the s-shell of the QD. In the initial state of the CX transition, the hole binds the electron to the QD. In contrast, after recombination of the CX, the remaining electron is less tightly bound to the QD ans its wavefunction spreads into the QD barriers, which results in the observed reduction of γ for CX. 48, 49 Technically, the latter argumentation holds for a positive (hole charged) CX as well. However due to the heavy mass of holes, the effect is bound to be weaker. In agreement with this, we attribute the observed variation in diamagnetic coefficient to the increased spreading of the additional carrier wavefunction in the QD barriers after recombination of CX. Considering the important (ca. 15%) reduction between γ X and γ CX , we further expect the CX emission line to correspond to the negative trion X -. Similar values of the diamagnetic coefficients can be extracted for other dots,
giving an average value of γ av.
X =6.1±0.7 µeV/T 2 and γ av.
CX =5.4±0.7 µeV/T 2 .
We turn now to the discussion on the number of radiative transitions observed in the MPL measurements. For QDs with C 2v symmetry only two optical branches are usually observed when the magnetic field is applied parallel to the QD high-symmetrxy axis. Any tilt between the magnetic field axis and the axis of high symmetry of the QD mixes the M=1 and M=2 states and allows the observation of four distinct optical transition.
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However the MPL properties of QDs with less common symmetries may differ significantly from what is observed for C 2v QDs. First, QDs with low symmetry (approaching C s ) can exhibit extra optically active states even at zero magnetic field. 26, 45 QDs with C 3v symmetry also show more than two emission lines when a magnetic field is applied parallel to the QD high-symmetry axis. [51] [52] [53] In contrast, when the QD symmetry is elevated from C 3v to D 3h , only two emission lines are resolved in Faraday geometry. 42 Light and heavy holes mixing is also pointed out as being a cause of the observation of four emission lines. The mixing can occur via strain 54 or in case of an important elongation of the QD. 40 Coming to QDs in NWs, recent works report the observation of two 50,55 as well as four distinct emission lines, 56 when the magnetic field is parallel to the NW axis. As discussed in Refs. 50,55, it is however not clear how interface roughness, surface, strain or crystallographic defects in the vicinity of the QD may affect the symmetry of the exciton states. We discard symmetry elevation as the reason for the measurement of four emission lines since it corresponds to a very exceptional case. Strain is also ruled out as the GaAs/AlGaAs system, despite some recent investigation, 57 is usually considered as being strain-free. As shown in Fig. 5a , the upper branch of the X dark states comes into resonance with the lower branch of the bright states for a magnetic field of approximately 3 T. For QD with low or no symmetry, the mixing between bright and dark states results in an anti-crossing with an energy splitting scaling up with the symmetry breakdown. We could however not resolve any anti-crossing between the dark and the bright exciton states.Thus the anti-crossing magnitude is at least smaller than the exciton emission FWHM for this emitter (120 µeV). In addition to the fact that no red-shifted peak associated with a strong symmetry breaking was measured at zero field, 26,45 the unability to observe an anti-crossing bewteen the dark and bright state allows us to conclude that the symmetry of the shell-QD is not severely degraded.
A natural explanation shows up if one considers results of the polarization-resolved experiment shown in Fig. 3d-f . The measurement revealed that the QDs do not have their elongation axis parallel to the NWs axis. In this case any magnetic field applied parallel to the NW axis mixes the bright and dark states of the QD. Therefore four emission lines instead of two can be observed. Indeed, the larger the magnetic field, the larger the mixing between dark and bright states. 50 This scenario is supported by the increase of the intensity ratio between dark and bright states with the magnetic field (Fig. 4b,d ).
IV. CONCLUSIONS
In conclusion, we described the fine structure of shell-QDs, a new declination of quantum emitters arising from segregation processes in the shell of GaAs/AlGaAs core-shell NWs.
The analysis of the polarization and response to an external magnetic field shed light to key parameters of the QDs; based on these results, we could describe the typical morphology of the investigated shell-QDs: the emitter is asymmetric and its elongation axis does not coincide with the NW axis. We showed that charged excitons and biexciton coexist with the neutral exciton. This is of particular relevance knowing that the exciton-biexciton cascade can be used to generate entangled photon pairs, 58, 59 and that charged excitons can be harnessed to manipulate the spin of a single confined carrier or even nuclear spins. 
